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Introduction {#sec001}
============

The ability of carbon nanotubes (CNT) to cross cell membranes and interact with neural cells make these nanomaterials promising for the development of drug delivery vehicles, gene delivery vectors and biomaterials for the diagnosis and treatment of brain disorders \[[@pone.0129156.ref001]--[@pone.0129156.ref005]\]. A fundamental step towards these applications is the evaluation of CNT neurotoxicity. Many studies have demonstrated the effects of CNT in primary neuro-glial cultures and PC12 neuronal cells \[[@pone.0129156.ref006]--[@pone.0129156.ref009]\]; however, there are few studies on the neurobehavioral changes that occur after nanomaterial exposure \[[@pone.0129156.ref010]--[@pone.0129156.ref012]\].

The pathogenic potential of CNT may be related to their ability to persist in biological systems despite clearance mechanisms, which is referred to as biodurability or biopersistence \[[@pone.0129156.ref013]\]. Although CNT are considered stable in biological environments, it has been reported that certain types of CNT are enzymatically biodegraded \[[@pone.0129156.ref014]--[@pone.0129156.ref016]\]. The degradation of amino-functionalized MWCNT also occurred after direct stereotactic injection into the motor cortex of mice \[[@pone.0129156.ref017]\], raising questions for further investigation on the consequences of nanomaterials biodegradation.

The aim of this study was to evaluate the biopersistence and neurotoxicity of SWCNT functionalized with PEG (SWCNT-PEG) 1 and 7 days after stereotaxic administration into the rat hippocampus. Raman spectroscopy was employed for the detection of SWCNT-PEG in the hippocampus and the effects of the nanomaterial on memory and locomotor activity were assessed by contextual fear conditioning, Y-maze and open-field tasks. Histological evaluation and oxidative stress analysis were carried out to evaluate potential biochemical and morphological changes in the hippocampus following SWCNT-PEG infusion.

Material and Methods {#sec002}
====================

SWCNT-PEG dispersions {#sec003}
---------------------

Single-walled carbon nanotubes functionalized with polyethylene glycol (SWCNT-PEG) were purchased from Sigma-Aldrich (St. Louis, MO, USA) and dispersed in deionized water employing mechanical disintegration and centrifugation steps, as recently described \[[@pone.0129156.ref012]\]. A complete physicochemical characterization of the same material has beenpreviously published \[[@pone.0129156.ref010], [@pone.0129156.ref012]\].

Ethics statement {#sec004}
----------------

All experiments were performed in accordance with Brazil's National Council for the Control of Animal Experimentation (CONCEA) guidelines and were authorized by the Ethics Committee for Animal Use of the Universidade Federal do Rio Grande (FURG; Permit Number: P029/2011).

Animals {#sec005}
-------

Adult male Wistar rats (2--3 months of age; weight 250--320 g) were obtained from the breeding colony at the Universidade Federal do Rio Grande (Rio Grande, RS, Brazil) and were randomly selected and housed in polycarbonate boxes containing a maximum of five animals per cage. The rats were kept under standard laboratory conditions (12 h light/dark cycle and a constant temperature of 23 ± 1°C) with free access to food and water and were frequently manipulated to avoid neophobia.

Stereotaxic surgery and infusion of dispersions {#sec006}
-----------------------------------------------

Rats were allowed to adapt to the laboratory conditions 1 week before surgery. After this acclimation, the animals were anesthetized intraperitoneally with ketamine hydrochloride (50 mg/kg) and xylazine (4 mg/kg) and placed in a stereotaxic instrument for the bilateral implant of 22-gauge cannulae in the dorsal hippocampus using the following coordinates (in mm from Bregma):- 4.3 anteroposterior, ± 3.0 lateral,- 1.8 ventral, according to the atlas by Paxinos and Watson \[[@pone.0129156.ref018]\]. The guide cannulae were fixed with acrylic resin. At the end of the surgery the animals were treated with an antibiotic association (Pentabiótico, Fort Dodge, Brazil) to prevent infections.

After 48--72 h of recovery from surgery, the rats were distributed randomly into four experimental groups according to the treatments. The dispersions of SWCNT-PEG at 0.5, 1.0 or 2.1 mg/ml or 0.9% NaCl solution (control group) were infused using 27-gauge injection needles inserted into each guide cannula and connected by polyethylene tubing to a Hamilton microsyringe. The infusions, at a volume of 1 μL, were performed in one cannula at a time. All efforts were made to minimize animal suffering.

Behavioral procedures {#sec007}
---------------------

The study the effects of SWCNT-PEG dispersions on the acquisition and persistence of the fear memory, the animals were subjected to the contextual fear conditioning (CFC) task. The conditioning chamber (28 cm long, 26 cm high and 23 cm wide) was made of aluminum side walls and Plexiglas front wall. The floor consisted of a series of a parallel stainless steel bars connected to a shock scrambler delivery apparatus (shock generator, Insight Scientific Equipments, Brazil). The CFC procedure was carried out with training and test sessions, as previously described in \[[@pone.0129156.ref019]\]. During the training session, three consecutive electric foot-shocks (1 sec duration, 0.7 mA intensity) were applied, with 10-s intervals between each shock. The infusions of treatments were performed 30 min before training (acquisition group) and 12 h after training (persistence group). The test session was performed 1 day (acquisition group) or 7 days (persistence group) after training, and the freezing behavior (absence of any movement except that required for breathing) was quantified for 5 min. Both training and test sessions were performed between 8:00 and 12:00 a.m. The chambers were cleaned with 70% ethanol between each set of animals. The results are expressed as the percentage of time spent freezing in a 5 min test-session.

Another set of experiments was performed to assess the effects of SWCNT-PEG on locomotor activity and spatial recognition memory. The open field test was performed to evaluate locomotor activity. This task was performed in a square wood box (60 cm height x 40 cm width x 50 cm lenght) with the floor divided into 12 squares. The open field test was performed between 8:00 a.m. and 14:00 p.m. The rats were placed in the corner of the box and their behavior was monitored during 5 min. Six animals were assigned in each tested group. One group was tested 30 min and 1 day after the infusion and another just at 7 days post-injection. The apparatus was cleaned with 70% ethanol before each animal was tested. Total number of crossings (squares entered by the animals) was counted during a 5min period. All tests were recorded using a video camera to enable subsequent evaluation.

The Y-maze task was performed to evaluate spatial recognition memory. The single-session of Y-maze test was performed after the open field test at 1 and 7 days post-injection. The Y-maze apparatus used in this study was made of wood and consisted of three arms (40 cm long, 20 cm high and 12 cm wide) at a 120° angle from each other. The rats were placed in the center of the maze and were allowed to move freely for 10 min. The series of arm entries were recorded visually by an independent observer blind to treatments. An arm entry was counted when the hind paws of the rat are completely within the arm. Spontaneous alternation was defined as successive entries into the three arms on overlapping triplet sets, as described in \[[@pone.0129156.ref020]\]. The number of alternations opportunities was defined as the total number of arms entries minus 2. The percentage of alternation was calculated as the number of alternations divided by the number of alternation opportunities plus 100. The apparatus was cleaned with 70% ethanol before each animal was tested.

Tissue dissection and sample preparation {#sec008}
----------------------------------------

All animals were killed by decapitation following the guidelines of CONCEA. For the analysis of oxidative stress and Raman spectroscopy, the hippocampi were quickly dissected at the end of the CFC test and stored at -80°C until use, except for those needed to measure ROS, which were immediately homogenized (1:5 w/v) in 40 mM ice-cold Tris-HCl buffer (pH 7.4). For the analysis of antioxidant capacity against peroxyl radicals (ACAP), glutamate cysteine ligase (GCL) activity and glutathione (GSH), hippocampi were kept on ice and homogenized in buffer containing 100 mM Tris-HCl, 2 mM EDTA and 5 mM MgCl~2~ (pH 7.75). Then, the tissue homogenates were centrifuged at 10,000 *g*, 4°C, for 20 min. For LPO analysis, the hippocampi were homogenized (1:15 w/v) in 100% ice-cold methanol and centrifuged at 1000 g for 10 min at 4°C. For Raman spectroscopy, the hippocampi were homogenized (1:4 w/v) in lyses buffer (1% SDS, 1% Triton X-100, 40 mM Tris acetate, 10 mM EDTA, 10 mM DTT) using a tissue homogenizer. Shortly before the Raman spectroscopy analysis, the tissue homogenates were heated at 70°C for two hours to obtain a clear lysate.

Raman spectroscopy of hippocampal homogenates {#sec009}
---------------------------------------------

The Raman spectroscopy analysis was performed in a Horiba T64000 Raman spectrometer (laser excitation wavelength = 785 nm). At least three spectra were taken for each sample for averaging. The tissue samples from animals exposed to nanomaterial and positive and negative controls were analyzed. The positive control was made by mixing 1 μL of SWCNT-PEG dispersion at 0.5 with 200 μL of lyses buffer. The negative control was made by using the hippocampal homogenate from a control animal, i.e., a rat that received an infusion of 1 μL of saline solution (0.9% NaCl). At least 50 μL of each sample was used for obtaining the Raman spectra. To determine the limit of detection of the SWCNT-PEG, a detection curve was generated by diluting the dispersion at 0.5 mg/mL.

Histological analysis {#sec010}
---------------------

For the histological examination, the brains were dissected immediately after the Y-maze test and fixed on Bouin solution for 12 h at room temperature. Tissues were thentransferred to 70% ethanol to be processed for routine histology. Brain specimens were embedded in paraffin, serially sectioned at 5 μm and stained with hematoxylin and eosin (H&E). Coronal sections were observed and examined under light microscope (Zeiss Primo Star) and the images were registered by a digital camera (Zeiss AxioCam ERc 5s).

Measurement of oxidative stress parameters {#sec011}
------------------------------------------

Sample preparation was carried out as previously described. After homogenization in the buffer, the total protein content of the supernatants was measured via the Biuret method using a commercial kit (Doles, Goiânia, GO, Brazil) and a microplate absorbance reader (BioTek LX 800). The final protein concentration was adjusted to 3 mg/mL. The oxidative stress evaluation was performed by determining the concentration of reactive oxygen species (ROS), total antioxidant capacity against peroxyl radicals (ACAP), content of reduced glutathione (GSH), activity of glutamate-cysteine ligase (GCL) and levels of lipid peroxidation (LPO).

ROS concentration was quantified using the compound 2′,7′-dichlorofluorescein diacetate (H~2~DCF-DA, Molecular Probes Eugene, OR, USA), as previously employed for brain tissue \[[@pone.0129156.ref021], [@pone.0129156.ref022]\]. Briefly, the samples were placed in reaction buffer (pH 7.2) containing 200 mM KCl, 30 mM HEPES, 1 mM MgCl~2~ and 16 μM H~2~DCFDA. Using a fluorescence microplate reader (485 nm excitation/520 nm emission; Victor 2, Perkin Elmer), the formation of the oxidized fluorescent product dichlorofluorescein (DCF) was monitored with readings every 5 min for 30 min. ROS generation was calculated by integrating the fluorescent units along the time of measurement and after fitting the data to a second order polynomial function and was expressed in area.

ACAP determination employed the quantification of ROS using H~2~DCFDA (40 μM final concentration). Hippocampus samples were treated or not with 4 mM 2,2′-azobis(2-methylpropionamidine) dihydrochloride (ABAP, Sigma-Aldrich, St. Louis, MO, USA), a substrate that generates peroxyl radicals through thermal decomposition. DCF fluorescence was recorded by a fluorescence microplate reader (485 nm excitation/520 nm emission; Victor 2, Perkin Elmer) with readings every 5 min for 30 min. The inverse of relative difference between ROS area with and without ABAP was considered as a measure of antioxidant capacity. The protocol was performed following the methodology described in \[[@pone.0129156.ref023]\].

GSH content and GCL activity were determined by the method based in the reaction of naphthalene-2,3-dicarboxaldehyde (NDA, Molecular Probes Eugene, OR, USA) with GSH or γ-glutamyl cysteine (γ-GC) to form cyclic products that are highly fluorescent \[[@pone.0129156.ref024]\]. NDA-GSH fluorescence (485 nm excitation/530 nm emission) was measured using a fluorescence microplate reader (Victor 2, Perkin Elmer). GSH content is expressed in μM/mg of proteins, and GCL activity is expressed in μM/min/mg of proteins.

LPO was determined by a spectrophotometric assay of the ferrous oxidation/xylenol orange (FOX) modified method as previously described in \[[@pone.0129156.ref025]\], with adjustments in time of incubation and sample dilution according \[[@pone.0129156.ref021]\]. The basic reaction of this method is the oxidation of Fe(II) under acidic conditions and the quantification of lipid hydroperoxides using 0.1 mM cumene hydroperoxide (CHP, Sigma-Aldrich, St. Louis, MO, USA) as a standard. CHP absorbance (550 nm) was determined using a microplate reader (BioTek LX 800), and the results are expressed as nM of CHP per gram of wet tissue.

Fluorescence-based *in vitro* assays were carried out to verify the potential interference of SWCNT-PEG with DCF and NDA-GSH fluorescence. For these, 1 μL of distilled water or SWCNT-PEG dispersions at 0.5, 1.0 or 2.1 mg/mL were directly added to 300 μL of hippocampus extracts (protein concentration adjusted to 3 mg/mL) obtained from naïve animals. These samples were immediately subjected to ACAP and GSH measurements as described above. The results of the ACAP *in vitro* assay are expressed as ROS area with and without ABAP. The results of the *in vitro* GSH assay are expressed in μM/mg of proteins. The dilution of SWCNT-PEG used in these assays (1:300 v/v) were calculated from the higher estimated concentration of SWCNT-PEG that could remain on the rat hippocampus after processing, considering the average weight of 60 μg per hippocampus and the volume of buffer (1:5 w/v) used for tissue homogenization.

Statistical analysis {#sec012}
--------------------

One-way statistical analysis of variance (ANOVA) was employed to assess the statistical significance of the results. Post hoc analysis was carried out by Newman-Keuls multiple comparisons tests, when appropriate. P-values \<0.05 were considered statistically significant. The results of the oxidative stress assays were normalized to the percentage of the control group. All data were expressed as mean ± SEM.

Results and Discussion {#sec013}
======================

Behavioral parameters {#sec014}
---------------------

The hippocampus is a complex structure of the limbic system that plays an important role in spatial navigation and episodic memory \[[@pone.0129156.ref026]\]. Behavioral tasks involving associative learning and remembering contexts have been widely used for the study of hippocampal function in animals \[[@pone.0129156.ref027], [@pone.0129156.ref028]\]. In this work, the effect of SWCNT-PEG infused into the rat hippocampus on memory function was assessed by two paradigms: spontaneous alternation in the Y maze and time spent in freezing in the contextual fear conditioning task. The open field test was used to evaluate possible interference of the treatments on locomotor activity that might have affected the performance of the rats in memory tests.

The infusion of the treatments made before the training session in the CFC task allowed us to evaluate if the nanomaterial affects the acquisition, i.e., the first stage of memory processing in which an association is established between the context and the shock \[[@pone.0129156.ref029]\]. The infusion performed 12 h post-training aimed to evaluate if the SWCNT-PEG could impair cellular and molecular late events that occur in the rat hippocampus at this time point and are required for fear memory persistence 7 days after conditioning \[[@pone.0129156.ref019]\]. Our results showed that the SWCNT-PEG dispersions had no effects on the acquisition and persistence of the contextual fear memory ([Fig 1](#pone.0129156.g001){ref-type="fig"}), as indicated by similar time spent freezing between the treated animals and the control group.

![Effect of SWCNT-PEG dispersions on (A) acquisition and (B) persistence of contextual fear memory.\
Schematics of the procedures used in the experiments are presented above the graphs. Values are expressed as the mean ± SEM, n = 10--12. No significant difference in time spent in freezing was observed between the groups (*p*\>0.05).](pone.0129156.g001){#pone.0129156.g001}

We also evaluated the effect of SWCNT-PEG dispersions on spontaneous alternation behavior in the Y-maze. Spontaneous alternation constitutes an unlearned response that provides information about exploratory behavior, perception, attention and spatial memory of rodents \[[@pone.0129156.ref020]\]. Y-maze task has been widely used to study the effects of different experimental conditions on cognitive functions \[[@pone.0129156.ref020], [@pone.0129156.ref030], [@pone.0129156.ref031]\].

In this work rats were tested in Y-maze task after the open-field test was conducted. It was demonstrated that SWCNT-PEG did not affect the spontaneous alternation behavior 1 and 7 days after the infusion of dispersions ([Fig 2](#pone.0129156.g002){ref-type="fig"}). The effect of the treatments on the locomotor activity was evaluated 30 min, 1 and 7 days after infusion, and no differences between SWCNT-PEG and control animals were observed at these time-points ([Table 1](#pone.0129156.t001){ref-type="table"}). These results were in agreement with the total number of entries in the Y-maze arms (*data not shown*), confirming that SWCNT-PEG exposure had no effect on locomotor activity of rats.

![Effect of SWCNT-PEG dispersions on spontaneous alternation behavior (A) 1 and (B) 7 days after infusion.\
Schematics of the procedures used in the experiments are presented above the graphs. Values are expressed as the mean ± SEM, n = 6. No significant difference in percentage of alternation was observed between the groups (*p*\>0.05).](pone.0129156.g002){#pone.0129156.g002}

10.1371/journal.pone.0129156.t001

###### Effect of SWCNT-PEG on the number of crossings in open field task.

![](pone.0129156.t001){#pone.0129156.t001g}

  Treatment                Time after infusion                   
  ------------------------ --------------------- --------------- ---------------
  Saline (control group)   85.50 ± 12.92         56.17 ± 12.14   77.33 ± 8.29
  SWCNT-PEG 0.5 mg/mL      65.80 ± 13.47         65.50 ± 9.88    65.67 ± 9.85
  SWCNT-PEG 1.0 mg/mL      68.00 ± 9.99          43.75 ± 8.79    84.50 ± 7.41
  SWCNT-PEG 2.1 mg/mL      82.00 ± 10.72         65.83 ± 6.84    87.50 ± 11.49

Values expressed as the mean ± SEM (n = 6). Animals tested at 30 min were subjected to another test-session at 1 day. No significant differences were observed between the groups (*p*\>0.05).

Raman spectroscopy analysis {#sec015}
---------------------------

Raman spectroscopy is a molecular vibrational spectroscopy that provides important information about CNT structure and purity \[[@pone.0129156.ref032], [@pone.0129156.ref033]\]. The specificity of this technique allows the accurate detection of CNT in complex biological systems and has been widely used to probe the biodistribution of SWCNT in organs and tissues from different animal models \[[@pone.0129156.ref010], [@pone.0129156.ref034], [@pone.0129156.ref035]\]. In this study, we employed a Raman spectroscopy analysis to verify how the CNT are functionalized and to detect SWCNT-PEG in the hippocampus 1 and 7 days after stereotactic administration.

In the analysis of the Raman spectrum of SWCNT-PEG, the vibrational modes observed were the radial breathing mode (RBM), D band and G band ([Fig 3A](#pone.0129156.g003){ref-type="fig"}). The presence of a well-defined and intense G band confirms that the functionalization of SWCNT occured in the bundles rather than in individual CNT, as previously reported for the same material \[[@pone.0129156.ref010], [@pone.0129156.ref012]\]. The detection of SWCNT-PEG in the hippocampal homogenates was determined based on the RBM, a Raman mode unique for SWCNT. The position and shape of the RBM, generally between 140 and 220 cm^-1^, depends strongly on the exciting laser wavelength and can be affected by the intertube interaction in the bundles \[[@pone.0129156.ref036]\].

![Raman spectroscopy of rat hippocampal homogenates 1 and 7 days after SWCNT-PEG dispersions infusion.\
(A) Raman spectrum acquired from SWCNT-PEG dispersion at 2.1 mg/mL. (B) Detection curve of SWCNT-PEG based on radial breath mode (RBM). Raman spectra in hippocampal homogenates (C) 1 and (D) 7 days after infusion. Dotted squares indicate the RBM region. Ct+: positive control; Ct-: negative control.](pone.0129156.g003){#pone.0129156.g003}

The detection limit of this assay was found to be 5x10^-5^ mg/mL ([Fig 3B](#pone.0129156.g003){ref-type="fig"}). The detection of the RBM peak in the tissue homogenates indicates the presence of SWCNT-PEG both 1 and 7 days after their infusion into the rat hippocampus (Fig [3C](#pone.0129156.g003){ref-type="fig"} and [3D](#pone.0129156.g003){ref-type="fig"}). This result showed that at least part of the SWCNT-PEG infused into the hippocampus remained after 7 days. However, it cannot rule out the possibility that a certain amount of material has been modified or degraded. Besides that, it should consider that more time might be required for the complete biodegradation of SWCNT-PEG in the hippocampus.

It was reported that the oxidative biodegradation of SWCNT in lungs of mice increased over time and can take several days \[[@pone.0129156.ref037]\], whereas the degradation of amino functionalized MWCNT in mice brain can start within 2 days post-injection \[[@pone.0129156.ref017]\]. Such differences may reflect the interaction of many factors in the biodegradation process, such as the enzymatic profile of the tissue and the type of surface functionalization of the nanomaterial. Lastly, it is important to consider that if on the one hand the biodegradation of CNT can facilitate the elimination and reduce toxicity \[[@pone.0129156.ref015]\], on the other hand it can generate degradation products, such as oxidized aromatic hydrocarbons \[[@pone.0129156.ref014]\], that could cause unpredicted toxicity. Thus, the consequences of the biopersistence of CNT in the organs and tissues of living organisms should be evaluated carefully.

Histological assessment {#sec016}
-----------------------

Histological examination of brain coronal sections was performed 1 and 7 days after the stereotactic administration of SWCNT-PEG dispersions to evaluate potential morphological changes due to the presence of the nanomaterial in the nervous tissue. Brain sections of control animals were also examined ([Fig 4A and 4B](#pone.0129156.g004){ref-type="fig"}). It was observed a mild inflammation in the regions where guide cannulae were implanted. The infiltration of inflammatory cells was consistent with a localized tissue reaction at the site of cannulae implantation. SWCNT-PEG agglomerates were observed in the cortical area adjacent to dorsal hippocampus in treated animals ([Fig 4C--4H](#pone.0129156.g004){ref-type="fig"}). No remarkable morphological alterations such as cells with neuronal distress, cells with satellitosis, glial proliferation and brain edema were observed. By the histological assessment we can infer that direct SWCNT-PEG infusion did not induce cell death in the hippocampus and adjacent areas.

![Histological analysis of hippocampus of rats infused with saline solution and SWCNT-PEG dispersions.\
Representative images of brain coronal sections of control animals (A) 1 and (B) 7 days after the infusion of saline solution. Representative images of brain coronal sections of animals treated with SWCNT-PEG dispersions (C, D) 1 and (E-H) 7 days after infusion. (C, E, G) Black arrowheads indicate the presence of SWCNT-PEG in the brain parenchyma. (D, F, H) High magnification of SWCNT-PEG in the injected tissue.](pone.0129156.g004){#pone.0129156.g004}

Oxidative stress parameters {#sec017}
---------------------------

Considering that it was previous observed that SWCNT-PEG exposure can modify oxidative stress parameters even in the absence of cognitive deficits \[[@pone.0129156.ref012]\] and to further explore the potential adaptative responses to the presence of SWCNT-PEG in the hippocampus, we investigated ROS, LPO and antioxidant levels. The brain contains multiple antioxidant defenses, among them GSH is especially important because of its activity as ROS scavenger and contribution to the cellular redox state maintenance \[[@pone.0129156.ref038]\]. Besides that, the determination of the integrated antioxidant response through the measurement of total antioxidant capacity may be useful because it provides a general scenario of the oxidative status of the tissue \[[@pone.0129156.ref023]\].

In this work, we found that ROS concentration in the hippocampus was not altered 1 day after the infusion of SWCNT-PEG dispersions ([Fig 5A](#pone.0129156.g005){ref-type="fig"}), on the other hand, ROS levels were decreased 7 days after the infusion ([Fig 5B](#pone.0129156.g005){ref-type="fig"}). Lipid hydroperoxide levels were unaltered at both time-points ([Fig 6](#pone.0129156.g006){ref-type="fig"}). Regarding antioxidant defenses, ACAP was lowered 1 day after the infusion of dispersions at 0.5 and 1.0 mg/mL ([Fig 7A](#pone.0129156.g007){ref-type="fig"}), but was increased 7 days after the infusion of the dispersions at 0.5, 1.0 and 2.1 mg/mL ([Fig 7B](#pone.0129156.g007){ref-type="fig"}). Similarly, there was an increase in GSH content 7 days after the infusion of SWCNT-PEG dispersions ([Fig 8B](#pone.0129156.g008){ref-type="fig"}), which may have contributed to the higher ACAP values registered. However, any changes in GCL activity occurred at this time point ([Fig 8D](#pone.0129156.g008){ref-type="fig"}).

![Levels of reactive oxygen species (ROS) in the hippocampus (A) 1 and (B) 7 days after theinfusion of SWCNT-PEG dispersions.\
Values are expressed as the mean ± SEM, n = 4--6. \**p* \<0.05 vs. control group.](pone.0129156.g005){#pone.0129156.g005}

![Effect of SWCNT-PEG dispersions on lipid peroxidation (LPO) in the hippocampus (A) 1 and (B) 7 days after infusion.\
Values are expressed as the mean ± SEM, n = 4--6. No significant difference in LPO levels was observed between the groups (*p*\>0.05).](pone.0129156.g006){#pone.0129156.g006}

![Effect of SWCNT-PEG dispersions on total antioxidant capacity against peroxyl radicals (ACAP) in the hippocampus (A) 1 and (B) 7 days after infusion.\
Values are expressed as the mean ± SEM, n = 4--6. ^\#^ *p*\<0.05 vs. 2.1 mg/mL SWCNT-PEG and vs. the control group; \**p* \<0.05 vs. the control group.](pone.0129156.g007){#pone.0129156.g007}

![Glutatione (GSH) content and glutamate cysteine-ligase (GCL) activity in the hippocampus after the infusion of SWCNT-PEG dispersions.\
(A, B) GSH content 1 and 7 days after the infusion. (C, D) GCL activity 1 and 7 days post-injection. Values are expressed as the mean ± SEM, n = 4--6. \**p* \<0.05 vs. the control group.](pone.0129156.g008){#pone.0129156.g008}

The biopersistence of SWCNT-PEG over time may have an important effect on the antioxidant response that culminates in increased ACAP and GSH content in the hippocampus, resulting in lower ROS levels. A decrease in ROS production was previously observed in the lungs after double-walled CNT instillation \[[@pone.0129156.ref039]\]. Such an effect was attributed to the ROS scavenger capability of CNT and based on the assumption from that certain ROS types may be readily linked at the surface of CNT by mechanisms similar to the grafting of organic functionalities \[[@pone.0129156.ref040]\]. However, the decrease in ROS production found in this work may not be attributed to the scavenging action of SWCNT-PEG because the *in vitro* ROS and ACAP assays did not show any intrinsic antioxidant activity, as discussed below.

Based on the evidence that the fluorescence of DCF can be partially quenched by SWCNT \[[@pone.0129156.ref041]\], we performed fluorescence-based *in vitro* assays to ensure that the changes in ROS, ACAP and GSH found 7 days after the infusion of SWCNT-PEG resulted from the biological response to nanomaterial exposure. The results from the fluorescence-based *in vitro* assays are summarized in [Table 2](#pone.0129156.t002){ref-type="table"}. The SWCNT-PEG dispersions did not quench DCF-induced fluorescence, both in the presence and in the absence of the peroxyl radicals generator ABAP. Besides that, no interference of SWCNT-PEG was observed in NDA-GSH fluorescence generation. Thus, we can discard any interference of the SWCNT-PEG in the determination of GSH content. These results allow the interpretation of the aforementioned measurements from *in vivo* biochemical assays as reliable biological responses and not related to SWCNT-PEG interference in the fluorescence-based assays.

10.1371/journal.pone.0129156.t002

###### Fluorescence-based *in vitro* assays.

![](pone.0129156.t002){#pone.0129156.t002g}

  SWCNT-PEG dispersion   ROS area without ABAP   ROS area with ABAP   GSH (μM/mg protein)
  ---------------------- ----------------------- -------------------- ---------------------
  0 mg/mL                207000 ± 13350          1176000 ± 18240      224.0 ± 22.01
  0.5 mg/mL              227900 ± 16530          1139000 ± 38350      236.1 ± 25.05
  1.0 mg/mL              218600 ± 17318          1238000 ± 73450      233.2 ± 28.96
  2.1 mg/mL              229100 ± 20250          1134000 ± 78140      222.9 ± 24.94

Values are expressed as the mean ± SEM (n = 4). No significant differences were registered for the different SWCNT-PEG concentrations (*p*\>0.05).

Here, we found a time-dependent change in antioxidant defenses, suggesting that SWCNT-PEG exposure can induce an antioxidant response in the hippocampus that may confer resistance or adaptation to the initial insult. Furthermore, these higher antioxidant levels may have contributed to the biopersistence of SWCNT-PEG in the hippocampus, since the addition of the antioxidants ascorbic acid and GSH suppressed the *in vitro* biodegradation of oxidized-SWCNT induced by hypochlorite and myeloperoxidase \[[@pone.0129156.ref042]\].

The higher GSH contents 7 days post-injection may constitute an important mechanism to maintain functional and structural integrity of the hippocampus after SWCNT-PEG exposure. A variety of different compounds increase GSH levels in cells by increasing the activity of glutamate cysteine ligase (GCL), the enzyme that catalyzes the first and rate-limiting step in the synthesis of GSH \[[@pone.0129156.ref043]\]. The transcription factor nuclear factor erythroid 2-related factor 2 (Nrf2) controls the basal and inducible expression of genes encoding the catalytic and regulatory chains of GCL. In response to oxidative stress, Nrf2 translocates to the nucleus and binds to antioxidant response elements, inducing the transcription of GCL and other cytoprotective enzymes \[[@pone.0129156.ref044]\].

The indirect antioxidant activity of a carbon nanomaterial was demonstrated by the pretreatment of cells with a polyhydroxylated fullerene derivative that was able to restore the Nrf2 expression level after a neurotoxic insult \[[@pone.0129156.ref045]\]. The increased expression of Nrf2 was also reported in the brains of zebrafish after systemic exposure to SWCNT \[[@pone.0129156.ref046]\]. These studies demonstrated the ability of carbon nanomaterials to induce antioxidant defenses and to prevent a potential damage to the neural tissue.

Conclusion {#sec018}
==========

This study showed that SWCNT-PEG were able to persist in the rat hippocampus 7 days after infusion. The exposure to this nanomaterial did not induce cognitive impairments or hippocampal damage after 1 and 7 days. Interestingly, the exposure to SWCNT-PEG was able to induce antioxidant defenses, possibly after an initial pro-oxidant effect. The delayed antioxidant response observed in this study may constitute an adaptive response to SWCNT-PEG biopersistence, which was associated with high GSH content that may provided protection against a putative initial oxidative damage and prevented the biodegradation of the nanomaterial in the tissue. Histological examination was in agreement with biochemical and behavioral findings. However, further studies on the gene expression and cell signaling pathways are needed to elucidate the mechanisms that may confer protection to the nervous tissue after SWCNT-PEG exposure.
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